Bhivcluntd Ilekarers g e

*
-~
RESTRICTED
3 NATIONAL ADVISORY COMMITTEE
L %
 FOR AERONAUTICS
TECHNICAL NOTE |
Yo, 934 |
NUMERICAL PROCEDURES TOR THE CALCULATION
| OF TPHE STRESSES IN MOWOCOQUES
T'E I - DIFFUSION OF TENSILE STRINGER
v LOADS IN REINFORCED PANELS

By N, J. Hoff, Robert S, Levy, and Joseph Kempner
Polytechnic Institute of Brooklyn

~EE

! Washington
June 1944

] -
'A_’, LY )

— CLASSIFIED DOCUNENT

This lumm, en\i;th- classitisd !.nhlutl.on affacring may be Lmrud nnu te persons An \.E milttary - and navnl'
ths Natiemal Defense of the United States within the meaning Sscvices of the UniCed States, appropriate civilian officers
of the Esplenage Act, USC 50:31 and 32.  Ite transmission or and employass of the Federal Oe"rmnt vho hava a legitimate
e revelatios ef its contents in any mdj te an interest therein, and fe United Stat cl!lll? of known loy-
ised person is prahibdired by law. lurcr-uol se classified alty amd uunuon who of uunuz nust e Informed thersof.

RESTRICTED



&

iM [ i

76014332622

RESTRICTED
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Y e st

TECHNICAL NOTE ¥OQO, 934

O et g e st e e

NUMERICAL PROCEDURES FOR THE CALCULATION
OF THE STRESSES IN MONOCOQUES
I — DIFFUSION OF TENSILE STRINGER
LOADS 1N REINFORCER PANBLS

By N, J. Hoff, Robert 8§, Levy, and Joseph Kempner
SUMMARY

Experiments were carrigd out at the Polytechnic
Institute of Brooklyn with bBoth curved and flat reinforced
sheet models the longitudinals of which were loaded axially,
The stress digtribution in longitudinals and sheest was
measured with electric strain gages, The stresses then - = =
were calculeted with the ald of a procedure of successive
approximations based upon simplifying assumpiions soncern=
ing the state of estress in a simple reinforced panel, The
egreement between calculatlons and experiment wasg Iound te
be reasonably good, : -

INTRODUCTION

The methods of and the formulas used in the analysie
of monocoque aircraft structures have been developed almost
invariably for cylinders of circular, or possidly elliptie,
cross section and of uniferm mechanical properties, TYet in
actual aireraft such structural elements are seldom if ever
found, VUnfortumastely, the direct methods of analysis are
little suited to cope with the problems involving complex
cross—gsectlonal shapes, irregular distribution of reinfore-
ing elements, cuncentrated loads, and cut—outs, It is De-
lieved that the indirect methods retently advanced by EBardy
Crosa {reference 1), and partieularly by R, V. Southwell
(reference 2), promige a solution of such problens,
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In this indirect approach the stress distribution in
a structure under specified loads is determined through
step—by~step approximations, In each step the state of
distortion of the structurée is arbitrarily modified and
the stresses corresponding to the distortion are calcu—
lated, The procedure must be continued until the stresses
and the external loads over the entire structure are in
equilibrium, When the steps ars undertaken at random, the
procedure s likely to lead to a solution only, if ever,
after a very great number of steps, If the calculatione
are to be well ponvergeni -~ that 13, if a reasonably rapid
approach to the final stats of distortion is to be attained —
the steps must be undertaken according to sulitable predeter—
mined patterns, This is the reeason Southwell called the
procedure ¥Metlod of Systematic Relaxations,®

It is the object of the present investigations to
develop patterns which make a solution possible, with
engineering accuracy, through a limited number of steps.
This end is approached by means of theoreticel consider—
ations, strain measurements, and comparative calculatioas,
The immediate goal is to work out a procedure which per—
mits the solution of the complex problems previously men—
tioned even though approximate results are all thet may
be attained for the time bveing,

The procedure can be refined so that it will glve
more accurate resulta, 1t is planned to carry oeut this
development after the more immedliate problems are solved

In this firset report experiments are described which
were performed in the Afrgraft Structures Laboratory of
the Polytechnic Institute of Brooklyn with both curved snd
flat sheet-—stringer combinetions, TFor his contribution to
the development of the apparatus and the testing technigue,
credit is due to Albert J, Cullen, The stress distribution
under concentrated loads vas investigated with the sid of
Baldwin—-Southwark Metalectric strain gages, Dis_ .acement
patterns were developed for the step—-by-step procedure the

use of which permits 8 repld convergence of the computa—

tions, The results of the calculations were in reasonably
good agreesment with $he ﬁigts.

The report 1s presenied so that it can be understood
without e previous knowledze of the Southwell or the Hardy

~ Cross method,

This investigation, conducted at the Polytechpic
Institute of Brooklyan, was sponsored by and conducted with
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finaneial assistance from the National Advisory Commities
for Aerconautics,

SYMBOLS
v distance between adjacent longlitudinals ]
h distance hetween adjacent transverse rainforce—
ments
t thickness of sheet
v vertical displacement
Yolock blocg displacenent
Yy vertical displacement of point XN
Yn tot total vertical displscemeat of point N
X, ¥ coordlnates
;}MN inflyence coefficient
Atot total effective cross—sectional area of a

gtringer

Atot cent Gtotal effective area of a ceatral stringer

At cdge total effective area of an edgs siringer

A-K symbols used to designate horizontal sections
through curved specimen

AeZ symnbpls used to designate points of intersection

. of longitudinal and transverse reinforcements

B, M, T symdols used to designate bottom, middle, and
top horizontal sections, respectively, through
flat specimen

C! locatlion of point C after dlsplacement

B modulus of elasticity
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r tensile force in dar
¥ designation of a load condition of the curved
specimen

modulus of elasticity in shaar

B, J designations of load conditions of the curved
speciman

L length

Pmn distance between points M and H

v sheay force in panel.

X, horizontal force at point ¥

Y, vertical force at point N

b uni£ shear strailn )

Vav average unit shear strain in panel

T direct stress in stringer

o average direct stress in a horizontal séction
of the sheet '

T shear stress

1-42 symbols used %o designate straln gages

I.V symbols used to designate stringers

EXPERIMENTAL INVESTIGATIONS

Experiments with a2 Reinforced Curved Sheet

One of the two identical semimonpcoque models is
shown in figure 1, It consists of a semicircular ecylinder
of galvanlzef steel sheet reinforced both in the longltudinal
and clrcumferential directions with hot rolled steel strips,
To retaln the original shepe of the models under ioad three
heavy channel section "supporting rings,¥ one each at top,
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center, and bottom, were fastoned to each model, These

rings, shown in the photographs of the test setup (figs,

2 and 3}, were attached only at the central stringer and

were covered with grease so that they were capable of

carrying loads only perpendicular to the surface of the

mod_el e

The load was applied by an ordinary automobile Jjack
through a system of frames and levers shown in the photo-
graph of figure 4, This system transmitted egual loads to
the bottom extensions of the central stringers of the two
models, The lever system at the top was so designed as to
divide the reactionary forces approximately equally among
the upper extensions of the 10 stringers contained in the
two models, At the same time the upper ends of the string-
ers were not restrained from relative vertical displace~
ments, All movable Jointe were lubricated,

Since the loads applled a2t the top of the models weare
not collinear with those at the bottom, & bending moment
was exerted upon each of the models, Because of the sym—
metrical arrangement of the two models, these moments were
equal and opposite, It was consequently possible to make
them balance each other through sultable c¢onnecting elements,
The balancing forces were trensmitted through the suppori-
ing rings, OCorresponding supporting rings were connected
by thin cables and turn duckles at the bottom, pianoc wire
at the center, and a double knife edge between bearing pads
at the top,

To check the load distribution and to obtain several
independent indications of the load, 14 calibrated load
links were used, The forces were measured with Baldwin-
Southwvark SR—~4 Metalectric strain gages of type A-1 and
an SR—4 control box, On the 14 load links as well as at
the 35 reference points where the straln was measured on
the model, the gages wers arranged iIn pairs on opposite
sldes of the structural element, connected in series in
order to measure the average direct stress, A dummy gage
was provided close to the model $o provide for temperature
compensation, , _ = -
The switching arrangement conslsted of 49 brass blocks
having 1/2 inch tapered holes and a brass plug, Belden No,
18 solid waxed cotton insulated push back wire was used for
all wiring,

After a number of preliminary tests, the final test
runs ¥, H, and J were carrled out corresponding to total
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loads of approximetely 1500, 4500, and 3000 pounds,
respectively, equally divided between the two models,
The data presented are averages of readings made for
four to six load increments, The individual values
differed only slightly,

Rxperiments with the Reinforced Flat Sheet

The test model shown 1ln figure 5 consisted of a flat
gsheet of 245—~T aluminum alloy reinforced with longitudi-
nally and transversely arranged hot rolled steel sirips,
The test setup 1s shown in the photograph of figure 6,
The load was applled by dead weights through a lever sys—
tem which transmitted equal forces to the bobttom exten—
sions of the four stringers, The top end of the model
was attached at the extensionsg of the two edge siringers
to an egqual arm lever, To preclude the bduckling of the
upper edge of the specimen, the distance between the
stringer extensions was maintained by two steel spread-
ing bars, ®Two lugs extending from these bars provided
a2 lubricated sliding support for the center of the upper
edge of the model,

Loeds and strains were again measured with Baldwin-
Southwark Metalectric strain gages, the loads through
four load links and two pairs of gages at the upper two
stringer extensions, the strains through 30 pairs of
gages attached to the model, The dummy used consisted
of a square of zluminum and steel similar to & section
of the model, Gages were mounted in pairs on both the
gsheet and the stringers, A4ll wiring was done with No, 20

"Roeplestic insulated solid copper wire,

After several preliminary test runs, the final tests
were made at load lncrements of 240 and 480 pounds, re-
spectively, starting from a tare load of -240 pounds, The
data presented are averages of six and five test runs, fe- " 7 T
spectively, The individual values differed only slightly,

ANALYSIS OF TEST RESULTS
Curved Model ' '
Values of the loads and stresses are presented in

figures 7, 8§, and 9 for the three final load conditions,
These figures also contain & schematic sketch of the lever
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system, ¥Values of the loads were obtained through the

ugse of the experimentally determined calibration constants,
those of the sitresses through thes use of the bridge and
gage constants furnished by the gage manufacturer, When
strain was converted to siress, the modulus of elasticity
was assumed to be 30 X 108 pounds per square inch, and the
state of stress to be uniaxlial, Comparison of the indi-=
viduval load link reedings permitted a oheck of the accu-
racy of the load measurement, The maximum deviation was
4,57 perocent,

The variation of the tensile stress in the ptringers
is shown in figure 10 for the F000-pound load condition,
The distributions for the other two conditionsg were similar
and are omitted here, The variation of ths direct stress
in transverse sectlions of the model 1s given In figures 11
. and 12 corressponding to the 3000 and 4500 pound load con-
ditions, respectively, It may be seen that although the
curves are rather Jjagged they are consistent for the two
cases shown, The curves for the third condition are guite
gsimilar and for this reason are not preseanted,

The shapp of the curves Jjustifies the use of the con-
ception of the effective wldth since the values of the
stress in the centers of the panels are matsrially lower
than those close to the stringers, The magnitude of the
effective width of sheet was determined by multiplying
the total width of the sheet by the ratio of the average
sheet stress to the welghted average stringer stress, In
weighting the stringer stress the central stringers were
counted twlce, the edge stringers once, corresponding to
the number of adJjacent effective strips of sheet, The
resulis of thege calculations are as follows:

Effective width at;

Run Section X Section @
{in,} (in,)
7 (1500 11) ' 9,72 16,50
g (3000 1bv) 8,11 15,30
H (4500 1bv) 9,33 i7,60

In the calculgtions by successive approximations,
which were carried out for the 3000 pound load condition,.
average values were used for the effective width, Fronm
the measured values the total effective area of a central
stringer was found to be 0,155 square inch, that of an
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edge stringer 0,140 square Inch, Moreover, a check on

the accuracy of the stress measurements was possibdle,

since the total load carried by any horizontal section
across the model must equal the applied load, This check
gave a maximum error of 8,27 percent, It was also found
that the lead carried by the sheet averaged 12,8 and 22,5
percent of the total levaed in sections ¥ and &, respectively,

The distribution of the shearing stress in the sheet
was also calculated from the $est dats, In this calcu~
lation 1% was agsumed that the shear strain was constant
across each panel and egual to the relative displacement
of the central polnts of adjacent stringer segments, The
angle of gshear was firgt determined from the displacements
of these points on the stringers considering the upper end
point of each stringer fixed in its ariginal position be-
fore loading, The vertical displacement of any point of
a stringer could be calculated with the aid of a graphlical
integration of the stringer stress curve, Any relative
rigid body displacement of two adjecent stringers gives
rise to uniform shear strain.and shear stress all along a
vertical section through the model, The actuwal relative
displacement of two adjacent stringers could be deter—
mined therefore from the condition of equilibrium of the
vertical forces, The results of these calculations are
presented for the 3000~pound load conditions only, since
therse ig practically no difference between the dlagrams
corresponding 490 the different load conditions except for
the scale, Figure 13 shows the shear stress along the
stringers, figure 14 the deflected shape of the model,

Flat Model

The data for the fiat model were analyzed in the
same way &8 those for the curved model to obtain the londs
and stregses shown on the schematic drawing of the model
(fig, 15 and 16), the curves of direct stress in stringers
{fig, 17) and the curves of direct stress in sheet (fig,
18), Only the curves corresponding to the 240-pound load
increment case are presented here, Those corresponding to
the 480~-pound load increment were omitted since they are
practically identical with the former ones if drawn to
half the scale,

The curves of stress distribution in the sheet ﬁresent
a more regular appearance than do those previocusly shown
for the curved model, This might be due to the fact that
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the gages on the flat model were located farther from the
edges than those on the curved model,

: In $he evaluation of the toital load cawvried by the
sheet the effect of the overlapped portions of the sheet
had to be considered, The sheet of the flat model was
conposed of three sections Jjoined at the central stiringers
with an overlap of 1/4 inch on each side of the center
lines, It was assumed that the overlapped pertions were
subjected to the same stress as the stringer, The effeo—
tive width of sheet was calculeted in the manner disgussed
for the curved model, Ifts value was found to bhe 7,37,
7,75, and 5,03 inches in the top, middle, and bottom sec—
tions, respectlively, The average total effective area of
an edge stringer was found to be 00,1301 sguare inch, $hat
of a central stringer 00,1418 square inch; The latter in-
cludes the overlap, It should be noted that both for the
central and the edge stringer the areas of effective width
of the aluminum sheet were converted into equivalent areas
of steel,

The comparisecn of the total load carrled in a hori-
zontal sestion across the medel with the applied load was
again made, The maximum error was 5.5 percent, The load
carried by the sheet was 18,8, 21,9, and 17,8 percent of
the total locad measured in sections T, M, and B, respec—
tively,

CALCULATION OF THE STRESSES BY SUCCESSIVE APPROXIMATIONS

General Features of the Procedure

. In the procedure of successive approximations as
developed by R, V, Southwell the stresses in an elastic
structure sre determined Iindirectly through the calcu—
lation of the elastic displacements, At the outset it
is assumed that a number of points of the elastic struc—
ture are rigidly attached to an imaginary rigld bedy, -
Step by stepr one point after another is freed from lts
imaginbry econnections - in the language of the procedure
released™ — and moved in a direction which presumably
brings it closer to its final position in the loaded
elastic structure, After eadh step the point that was
moved 1s connected again to the ?igid body, dut in its new
positiony The forces caused in the elastic body dy the
displacements are calculated in each step, Through a
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brought into equilibrium with one another and with the
given external loads (accurately ehough for practical
purposes) without resort to imeginary forces originating
from the imaginary rigid btody, VWhen this is the casge,

in the parlance of the procedure the elastlc body is
Brelaxed," The digplacements in this state are the actual
displacements of the points of the elastic structure under
the specified loads, and the corresponding int{ernal forces
are the actual internal forces caused by the specified
loading, in accordance with Kirchhoff!s theorem of the
unlqueness of the golution of problems of elasticlity,

An elastic structure can be assumed to contein an
infinite number of mass peints, It is obviously impos-—
sible to consider each ohe of them in the manner Jjust
disctissed when the successive approximation procedure is
applied to the structure, The procedure can be carried
out, however, 1f the structure is imagined to be decom—
posed into finite Munits" which, through sultadble assump-
tions concerning their elastic properties, are considered
capeadle o0f only a limited numdber of elastic distortions,
The choice of the unit, the assumptions concerning its
elastic properties, and the calculation of the foreces
arising from distortions of the unit constitute the "unit
problem,

The Unit Problem

The unlt of the elastic structure considered in this
paper consists of a panel of sheet metal and the four seg—
ments of bars attached to its edges (fig, 19), The sheet
is plane in one of the test specimens, and in the other
circular—eylindrical with straight generatrices running
parallel to line AD, It is assumed that the bars are
attached to one snother by ildeal pins, and that they have
infinite rigidity in bending, The most general distortion
of the unit consists then of arbitrary displacements of the
four corner points &, B, G, and D on the (plane and/or
cylindrical) surface of the sheet,

The unit problem reduces, therefore, to the calcu—
lation of the forces caused by a displacement of point ©
in figure 19a to the position ¢! in figure 19b, This d1ig-
placement entails the stretching of bar B{ to the*length
h + v, At the same time the flbers of the sheet are also
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stretched, Instead of actually calculating the force
required to stretch the sheet, it is preferadle to take
into account the resistance of the sheet toc stretching
through the addition of a sulitadly chosen effective area
of sheet to the cross—sectional area of the longitudinal
BC, The tensile force ¥ required at points B and C for
this deformation is then £ b

S Aner U . Cee e

P o= BA, . (v/B) (1)

where E is Young'!s modulus of the materiel, and A, .

the crosg~sectional area of the longitudinal augmented
by the effective area of the sheet,

In addition to the stretching of the fibers, the
displacement pattern of figure 19b incorporates slidings
of the fibers relakive to one another, The corrasponding
engle of shear varies linearly from zere at A and B to
i%s maximum value at D and (', the average value being
equal to v/2 divided by the width b of the panel,
fonsequently the sverage shearing siress

vG
737 G = == (2
avt = 32 )
Phe total force V necessary to overcome the shear
resiantance of the sheet
vGth ’ -
= 3% (3)

where + 1s the thickness of the sheet, Because it is
imperative to reduce the number of polints where the egqui-
librium of forces is considered, the distriduted shearing
stress along bar BUO is replaced by two forces, each of a
magnitude V/2, applied at points B and ¢, respectively,
Similarly the total shear force transmitted to bar AD is
assumed to be concentrated at points A and D,

By imagining now that at first points A, B, ¢, and
D are connected by rigid pegs to & rigid body in their
original positions according to figure 192 and subsequently
the peg at C is removed, point C of the elastic structure
displaced to position C! through the application of the



NACA TH No, 934 .o i2

required force, and then the structure secured in its

new position through the insertion of a new peg at Ot

1t is seen that the elastic structure must be in a state
of stress, Because of thls 1t exerts forces upon the
pegs the magnitude of which can easily be calculated with
the ald of equations (1) to (3) and the remarks made in con-
nection with them, The vertical components of the forces
exerted by the elastic structure upon the rigid body
through the intermediary of the pegs are dencted by ¥

and a subscrilpt which slgnifies the point at which the
force 1s acting, These components are consldered posi-
tive if acting downward, The displacement v of point O
is also considered positive downward, With this notation
the following expressions are obtained: '

o
L

(Gth/4b)v

L(Eatot)h) — (Gth/4B) Jv

w4
]
L}

(4)
Yo = — [(Bagop/b) + (Gth/4b) v

{Gth/4d)v

Al
o
l

The algebraic sum of the four forces Y isg, of course,
zero for reasons of equilidbrium, At the same time the
horizontal shear stress in the sheet gives rise to hori-
zontal forces X which must also be transmitted to the
imaginary pegs at points A, B, C, and D, 3Because of the
symmetry of specimen and loading, the horizontal forces
are automatically balanced in the examples discussed in
the present paper, Moreover, they are small, Consequently
the horizontal forces are disregarded in all the calcula-
tions to follow,

It is believed thaet the arbitrary assumption of an
effective width of sheset a2nd of an average shear siress
preserves the sallent features of the much more complex
actnal state ¢of stress in the unit prodlem, This belief
is substantiated by the reasonable agreement beitween ex-
periment and the strese values calculated by the success—
ive approximation procedure based on the present selution
of the unit problem, It must be admitted, however, that
the use of an effective width value derived from the tests
may have contributed to this agreement, It is planned %o
investigate the unit prodblem with greater rigor as soon as
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-the more urgent probtlems concerning the use of the pro-
cedure are golved, .

Influence Ooefficients and Operations Tabdle

The influence coefficient §Fy,p 18 defined as the

vertical downward {(positive y~) component of the force
which acts upon the imaginary peg (the ®econstraint®)

at A when point B 1is moved through a unit distance
vertically downward (in the positive y—direction), 1In

the case of the unit problem of figure 19 the multipllers
of v in equations {4)are the influence coefficients, The
multipligz in the first of the eqguetions is §§Ac, in the

——
second J¥ypg, in the third §§cc, and in the fourth Fypge

Vhen the elastic structure consists of several panels,
the effect of each one must be considered, Thus in the
example of flgure 20 a displecement v of point* A causes
shear stresses %0 occur in all the four panels, A4t the
four corner points B, D, F, and E this circumstance does
not entail any changes in the expressions for the Iinfluence
coefficients derived previously, but at the midpoints ©,
R, G, and I of the four edge-bars the effect of the shear
flow in two adjacent panels is superimposed, Accordingly,

— —— : ~— -
Y¥ga = YVpa = Y¥ypa = VVgp = Bth/4b

TVpp = ¥iyg, Gthfadv
— — (5)
T¥gy = Vg, = (Mtot/h}- (6th/20)

~ (2E4,_,/h) ~ (Gth/D)

P~
LAV

Again the sum of all the influence coefficlients is
zero because of the requirements of the equilibrium of
forces in the vertical direction, This fact is helpful
in calculating the influence coefficient of the moving
point : it is equal to —1 times the sum of the influence
coefficlents of the fixed peints In the tables of fn-
fluence coefficlents glven in this report only the coeffi-
cleats having two different subscripts are llsted, )
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The operations table lists the forces that act upon
the imaginary constraints because of the different Woperw
ations!" undertaken, Hach operation consgists of the dis-
placemen f one or more pointe of the structure while

e remaining points stay fixed, In the preceding calcu~
lations the only operatlons considered were those in
which a single point was moved, These simple operatlons
are always listed in the first rows of the operatlons
table, The rapidity of the convergence of the ¥relaxa—
tions™ discussed in the following section can be materi-
ally increased if figroup' end "block" displacements arse
alsoc used, & group displacement is defined as any com-
bination of elementary displacements, & block displace~
ment is that kind of group displacement in which the
distances of two or more points are preserved, thet is,
in which two or more points are displaced simultaneously
as a rigid block relative to the rest of the points of
the structure,

In the present investigation 1t was found advantageous
to make use of block displacements in which an entire longi-
tudinal was moved, The forces introduced by such a block
displacement ean be found by adding up the forces caused
by the individuvual displacements of each point involved, In
some cases, however, it is simpler to calculate the forces
direetly in the same way the unit problem was solved,

Az an example of a block displacement let longlitudinal
EFGH in flgure 21 be moved downward through a unit distance
v = 1, Since no portion of the stringers is elongated, and
congequently no direct stress set up, the forces induced are:

Y, = Yy = Y; = ¥, = Gth/4ad

Y= ¥y = Y= ¥ = Gbh/2b (e)

4
"
L

$Gth/2b
Y? = YG = —Gth/b

Relaxation Table and the Calculation of the Stresses

The operations listed in the operations table, multi-
plied by suitable constants, ere entered in the relaxation

!
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table in such a way as to bring about most rapidly an
approach to complete equilibrium in the procedure of suc—
cessive approximations, In the first row of the tadble the
applied loads are given, Since the loads and their reac—
tions d¢ not act at the same points, and since before the
strueture is elastically distorted in the step-by-step
procedure no internal forces are assumed to ac¢t in the
structure, the loads and reactions must be consldered as
being transmitted through the ¥pegs® to the imaginary
rigid body, Without the limaginary restraints, therefore,
no eguilibrium is possibdle,

In the flrst step of the relaxations it appears
advantageous to displace the point at which the greatest
(unbalanced) external force is acting, PFor this purpose
the operation should be chosen from the operatlons table
that, while balancing the force in guestion, introduces
the smallest possible forces at the naighboring points,
When the operation 1s performed, the point which was dig--
placed is in equilibdbrium, but a number of other points are
unbalanced (if the forces transmitted by the imaginary pegs
are disregarded), It seems reasonable to proceed then to
the balsnecing of the greatest remaining undalanced force
with the aid of the most suitable operation and to continue
this procedure until, after a sufficient number of steps,
all the unbalanced forces are reduced to values small
enough to be considered negligible for practical purposes,

The procedure Jjust described works well when applied
to simple structures in which the balasneing of one point
does not throw large unbalanced forces to a great number
of other points, 1In the present problem, however, ths
convergence ¢of such a procedure is very slow, The vapldity
of the convergencse can be increased if the operations in-
volving simple displacemants are supplemented by operations
involving group displecements developed from a considera—
tion of the most likely displacement patterns of the elastie
structure,

The boundary conditions of the problems investigated
in the present paper congist of given valuss of the forces
at the ends of the longitudinals, The displacements of
the cnd polnts are not restricted, Obviously the smaller
one of the end loads of any single longitudinal is trans—
mitted through the longitudinal to balance part of the 7
larger end load, while the difference of the two end loads
nust be transmitted through the sheet to the neighboring
longitudinals, The smaller end load, therefore, causes a
uniform elongation of the stringer, while the difference of
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the two end loads gives rise to varying elongations of the
stringer and to shearing strain in the panels of shest,
Moraover, since the force required for an eolongation of the
stringer is much greater than that required for a. comparabdle
displacement due to shear, the succession of steps listed
below was found advantageous and followed in the balancing
procedure;

{1) Displace individual points of one siringer only
until the unbalanced forces along the stringer attain
magnitudes approximately proportional-to those given for
the block displacement dlscussed at the end of the pre~
ceding sesction,

(2) Displace the stringer as a block by an amount
sufficlent to balance as much of these forces as possible,

{2} Repeat the steps described under (1) and (2)
with the same longitudinal and the others contained in
the structure until the unbalanced forces attain valuss
which can be considered negligidly small,

The success of the procesdure described here is due
to the fzct that stops listed under (1) cause little
change in the adjacent longitudinals because of the small
shear rigidity of the shest,

¥hen the relaxation is completed, the displacement
of each point must be computed by adding up the dlsplace~
ments it underwent in each operation, It is advisable o
ligt these values in a check table and to calculate froa
them the forces &t sach point with the aid of the opsra—
tions table, The forces should be entered ln the check
table and added up, The sums of the forces are then listed
in the last row of the check table, These sums may differx
from those given In the lagt row of the relaxation table
because of cumulative arithmetlec inaccuracies, and possi~
ble mligstakes made during the relaxatioans, One of the great
advantages of the present procedure is that these mistakes
need not be traced back and corrected in the relaxation
table even 1f they cause sizeabls unbalanced forces to
appear in the last row of the cheeck tadle, Instead, the
unbalsanced forces can be agssumed as = new loading for the
structure, and the relaxation can be continued until they
are reduced %o negligibly small quantities,

When the relaxation is completed, the streseses in
the elastic structure may be computed, The direct stress
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in a2 segment of a wvertical bar beiween points M and ¥ is

o = (vyg = v)B/Iyy | ("

whers LﬁN is the length of the segment, The shear stress
in the sheet betwesn points P 2nd Q on adjlacent verticals
is

T = (VQ- VP)G/b . (8)

where b is the distance between the verticals,

Numerical Example - The Flat Sheet Pested

The manner in whieh the method of successive approxi-
mations can be applied to practical problems is shown in
the following example of the flat sheet descrided in the
section on Experimental Investigations, With the ald of
the effective areas of edge and center stringer caslculated
in the section on Analysis of Test Results and the equa-
tions previously given in the present secgtion, the unit
problen may be solved and ths operations table set up,
Since the model and the lecading are symmetrical, shear is
not transmittsd by the gentral panel, Consequently sll
calculations may be based on one—-helf the model (fig, 22Y,

By using the following numerical values

(0.180% x 30 x 10% /8 = 48,8 x 10%

L}

Atot edgeE/h

E/h = (0,1418 x 30 X 10%) /8 = 53,2 x 10°

Atot cent

Gth/4b = (3.8 x 16° x 0,021 % 8)/4 X 8 = 2,00 x 10%

the influence coefflciwents can be readily determined,
They are tabulated as follows:
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Influence Coefficlients
(1v/1in, x 107 %)
nm AB AR AP BE BF EF EJ BK

Y¥am 2.00 46,8 2.00 2,00 51,2 4,00 46,8 2,00

nm ¥J FK JK Jd 50 ° KN :4¢) ¥0

¥¥am 2.00 51,2 4,00 46.8 2,00 2,00 51,2 2,00

The operatione table is obtalned from ths tabulated
influence coefficients,

Operations Table

[(Forces in 1b, displacements in in, X 10%]

Displ. | Y, | ¥ LY, Y | Yl

vy = 1] =50.8 | 2,00 U6.8 2,00

-vB = 1| 2.00{=55.2 2,00] 5l.2

vy = 1] 46.8 | 2,000-1001.6 | M00| U6 | 2.00

vp = 1] 2.00} 51,2 k,00 ~110.L 2,00} 51,2

vy =1 46.8 2,00|-101.6 |  4.00} 46.8 | 2.00

=1 2,00{ 51.2 4,004-110.L 2,00} 51.2

w=1 hs.g 2,0 =H0.5 2.00

vg =1 2,00] 5.2 | 2,00{=55+2
Vplgon = 1| =00} 4.00] ~8.00} 8,00} ~8.00| 8.00| -k.00{ k.00

Hotet Voieck COFresponds to

Va = Vg = Vg = Vg = 1 simultaneously

From the equilibrium of the model shown in figure 22
1t can be seen that the 80-pound force at N is transmitted
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to 4 by direct stress 1in the stringer; while the 60-pound

force at 0 is transmitted t6 A by shear in the sheet, 1If

the unbalanced forces are distribduted in such manner that
Tp @ = ¥ = ¥y = =¥y = =10

and : '

Ig = =Ygy = ¥y = ~¥g = =20

and if a2 Dblock displacement of proper magnitude is taken,

equilifrium will be attained, This procedure is followed in
the relexation table as closely as the operatlons tadle permits.

Relaxation Table

Y, b Yy, | Yg T, | Y | Yy | Y
Extornal Loads| =120 _ 60| 60
vy = =2,16 110 | -4 | ~101 | -4

~10 BRI s o RS PSS 60 60
Vg = 1473 gL ] 3 | <761 7 gL 3
~10 -l 20 | «1 176 7 1| 63
iy = 333 156 7 | =169 7
«10 mll «20 | =1 ~20 | 14 | 28} 70
VB = =25 <1 | i | < |13 i

= 86 ~ll 10 w21l |=1h 20 | 1% | =281 7O
VKT 1] 3k 3 |~73 1] 3
' ~11 | 10 «20 | 20 -17 |59 | w27 | 10U
Yo = 1.54 3179 | 3|5
-2 -11 10 -20 | 20 =14 | 20 20} 19
Yplock = =243 | 10 |10 20 |~20 20 |«20 | 1010
. -1 0 0| 0 6| 0 | -4} 9

VJ = -'.01.- -2 u_ -
i -1 0 w2 | 0 0] o | 6] 9
V‘N = -1.25 -12 oy 13L -l
vg = =a02 Ao el ol =) 5] s
| -1 1 -2 | =k -2 | =1 -3 8
VE = +06 ‘ 3 7 3
-1 ] 1 -2 | 2 -2 | -8 w31 11
vo = +20 ’ 3 10 -1l
= w25 | L | 1 -2 | 2 2| 2 | <3| o0
"Hlock ° 112 2 | -2 2| 2 1l -
N Q o ot 0 0 O -2 | =l
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The fifst row of figures in the relaxation table
shows the external forces with their proper signs, 1In
erder to get the desired unbalanoed force at 4, 110
puunds nust be applied af thet point, Fronm the operations
table it can be seen that this force may best be obtalined

by displacing point 4, The magnitude of the displacemenﬁ___w

must be
[110/{~50,8)] ¥ 1 = ~2,16 units

The other forces caused by a uwnit displacement of 4 are
multiplied by —-2,16, &nd these values ars used to fill in
the second row of the relaxation table, DThe fresidual
forces® — that is, the forces remaining after a relaxation
has been applied -~ are obtained dy adding rows 1 and 2,
Throughout the table, the values below the solid 1ines are
the regidual forces, In order to get the desired force

at B without introducing new forces at A, point J is dig~
placed and the calculatiens are carried out in a manner
similar to thet described in connection with the displace—
ment of point A, This procedure is continued, and also
applicd to the other stringer untii a block displacement
apopears to be advantageous, It can bs seen from the re-
laxatlion table that the residual forces are close to zero
after the block displacement has been made, In order to
obtain more accurate values, the remaining forces are again
relaxed until & new block displacement may be taken, 4ll
the residual forces are now small enough to be neglected,
However, further relexations could be made if greater
accuracy were neceesary,

After completion of the relaxation table the check
table is set up, The sums of the forces, given in the last
row of the check table, differ slightly from corresyponding
values in the relaxation table, This is due to the fact
that fractlons were neglected, EHowever, the residual forces
are small enough to be disregarded,
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fheck Table
Vot Yol Yal Ye o Te| Yo | Y| Tyl Yo |
External - - :
loads -120 60 60
vy = —-4,91| 260 |-10}|-230]|~10 |
vy = —.27 -1 15 ~1 |-14
* vg = —2,75 | =129 | -6 | 280 |-11 |~129 | —6
vp = 4]
vy = ~1,06 ~50 =2 108 | ~4 |50 | -2
VR B .72 1 43v 3 | -¥9 1 37
i vy = 233 | 15 1 {-17 1
. Yo = .74 3} 89 3 [—96
zY 0| -1 0 0 0 1| -3 0

in the table to follow,

From the total deflections v,y the direct stress

in the segments of the lengitudinals can be calculated
with the aid of egquation 7,

The calculations &are presented
It should be noted that ®B/L;

30 X 1098 =3,75 x 10°® pounds per square inch pey inch for

every segitent of longitudinal,

Direct Stress in Stringers

N Menber Vo tot ¥a tot {vu tot=Vm tot) Stress
: mn : (psi)

- AE, DH -4 ,91 —2.75 2,18 810

BJ, =M -2,%5 -1, 08 1.69 634

IX, MQ |, ~1,086 .33 1,39 521

BF, CG - 27 0 .27 101

FX, GL 0 .72 72 270

X0, LP .72 1,74 1,02 382
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The values of the stresses calculated with the suce
cessive approximation method are compared in figure 23
with the experimental values obtained for the model, The
experimental curves are those of direct stress distridbu—
tion in the stringers for the 240 pound load increment,
Since the stresa values calculated by the successive ap—
proximation method are assumed uniform along the stringer
over each panel, they give constant stress lines for each
stringer segment, The experimenftal and calculated stress
distribution curves show reasonadly good agreement,

As the model contalned large unsupported panels of
flat sheet, the shear rigidity may have been smaller than
calculated theoretically, Therefore the successive ap-
proximations procedure was repeated assuming the shear
rigidity one—~guarter its formerly used velue, These calcu—
latlons are presented in tables 1 to 5, and the resulting
direct streegs in stringerg is shown by the dotted lines in
figure 23, IFf the strese curves 50 obitained are compared
with the experimental curves, closer agreement than that
formerly obtained can be scen for the central stringers,

It should also be noticed that the new gstress values are
very near the first ones obtained, notwithstanding the

fact that the shear rigldity wes assumed toc be much dif--
ferent, This indicates that large errors in the assumption
of the shear rigidity of the sheet czuse but small differ-
ences in the final results,

Calculations by Successive Approximations fo#
the Ourved Sheet Model

The calculations for the curved model were slightly
different from those for the flat model since the purpose
of thege ealculations was not to present an example of the
method but to check its accuracy against measured values of
the stresses in run J (3000~1b load condition), A sketch of
the developed model, showing the external loads and ldenti-
fying the Jjoints, is given in figure 24,

The influence coefficients and the first rows of the
operations table (tables 6 and 7) were calculated as out~
lined earlier in this sectlon except for the censideration
of the shear: in the unit problem illiustrated by figure 19
the total ghear reaction was assumed to act at the moving
point (point C), In the tables pertaining to the curved
model minus signs are omitted and negative numbers are
underlined,
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Since the loading was only approximately symmetrical,
it was necesgary to balance all 25 Joints individusally,
Advantage was taken of a particular group displacement in
order to reduce the labor of relaxation, This group dis-
placement consisted of a simultaneous displacemend of all
Joints to the positions derived for the deflected shape of

Ftha madal $n +ha Anonlvatls nf Mast RRagitlte Thaoa favrmnaon
Vil o dad W WL L X" V&b ““G*J - e D - wp e & W e al Ve MWDy e ek e W o W W R

corresponding to these dlsplacements are shown in the sec—
and rows of the operations table {tadle %),

The original external loads and the effect of the
group displacement are showh in table 8, It may be seen
from the last row of this table that the original forces
were greatly reduced by this displacement, : '

It was observed that, although there were conmparatively
large unbalanced forces present at the individual Joints,
the algebraic sum of the unbalanced forces along any one
stringer was not excessive, Trial calculations proved that
unbalanced forces of this kind can bvest be reduced by dis—
placing individual peoints of the stringer relative to one
of the points which 43 held fixed, The total load on the
stringer 1s not greatly affected by such displacements,
since only by relative displacements of adjacent stringers
can it be materially changed,

The manner in which this scheme was smployed to
expedite the convergence of the relaxation may be seen
from an examination of the relaxation table (table 2), It
will be observed that the central point of the stringoer was
choson as the fixed point,

A departure was made from the practice of the preceding
example in that unchanged residual forces werc not rewritien
at each step of the relaxation procedure, &n effort was
made firgst to reduce the unbalanced forces on the central
stringer {0, H, N, §, X), since the greatest individual
unbalanced force occurred slong this stringer as may bde
seen in the first line of the relasxation $table, The al-
gebraic sum of the forces on the central stringer was 112
pounds, If $this force had been divided among the Joints in
a manner proportionate teo the forces resulting from a bleck
displacement of the stringer {shown in the operations tabls,
table 7), there would have besn 14 pounds at each end point
and 28 pounds at each inner point, Since the sum of the
forces at § and X equaled —+344 pounds and the désirsd sum
of the forces st these points was 42 pounds, it was noc—
essary to add 386 pounds to the lower part of the stringer
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by taking this force away from point N through a dis
placement of point §,

Next a displacement of X was taken to eliminate the
force at X and to reduce the force at S, After completion
of these steps of the procedure the sum of the forces at-
S and X was found to be greater than the 42 poundsdesired,
The difference was due to the gshear forces Introduced by
the large displacements necessary to balance the large
force originally at X,

The ssme system of relaxations was employed to reduce

e forces at H and &, In all the relaxations so far per— .
rmed, the central point was not dlisplaced,

The total unbalanced force on the central stringer
was then found to be 280 pounds, which could be divided
into forces of 35 pounds &t the end points and 70 pounds
at the inner points, &ince the total forece at 8§ and X
wag 256 pounds and 105 pounds was desired, point § was
displaced to add 154 pounds %o point N, Next point X was
displaced to balance roughly the resulitant forces at §
and X, '

The procedure was continued unitil there were reasonabdly
small positive forcese left at all the Jjoints along the
stringer, Then a block dlisplacement of the stringer was
taken to transfer the loads to the adjacent stringers, After
the block displacement a few local adjustments served to re-
duce the maximum unbalanced force along the central stringer
ta less than 50 pounds at any Jjoint,

The unbalances on stringers A, ¥, L, Q, V,and B, G, ¥,
R, W were reduced by following the same general procedure,
that 1s, leaving the central points L and M iIn thelr orig.
inal positions, Then a block displacement of stringer B, &,
M, B, W, followed by small local displacements, reduced the
maximum unbalanced force to 43 pounds,

The goal had arbitrarily been set at 50 pounds maximum
residual force, which corresponded to 3~1/2 percent of the
meximum external load, bubt the method could have been con—
tinued to reduce thisg resgidual force to any desired value,

The check table (table 10) shows that the final ro—-
gsidual forces are sufficlently small to make further re—
laxations unnecessary, The direct stresses in the stringers
were calculated by ths same procedure as was employed with
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the flat model {table 11), The shear stress distridution
was determined with the aid of equation (8). Thess calcuw
lations are contained in tadble 12,

A comparison of experimental and calculated values
of direct stress in stringers and of shear stress in
sheet 1s shown in figures 256 and 26, It may be seen
that good qualitative agreement was obtained, The error
was greatest et the point of maximum stress where the
concentrated load was introduced, It is belleved that
the assumption ¢f a constant effective width of sheet
throughout the model was largely responsible for this
deviation, In stringers I, II, and IV there appears to
be o systematic deviation between sxperimental and calcu—
lated values, This observation, however, is not neces-
sarily correct since the stress in the stringers was
measured only at se¢tions B and D, and the experimental
curves were drawn in the simplest possible way between
these points,

CONCLUSIONS

The convergence of the successive approximation
procedure is rapld in the calculation of the stresses in
a flat or eylindrical reinforced sheet with concentrated
axial loads applied to the end points of the longitudinal
reinforcements, pqg;}éggbjhg_gg%_ggigts .of the longitudinals
ara not regtrained From axial displacement, if the succes—
sion of steps listed below is followed in the balancing pro-
cedures

(1) Displace irdividual points of one longitudinal
until the unbalenced forces along it attain magnltudes
approximately proportional to the forces cnused by a
block displacement of the entire longldinal,

{2) Displace the longitudinal as 2 bPloeck by an amount
pufficient to balance as much as possible of the undbalanced
.forces remaining after the steps described under (1) are
performed,

(3) Repeat the steps described under (1) and (2) with
the same longitudinal and the others contained in the strucw
ture until the unbalanced forces attain values which can dbe
considered negligibly small, '
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The effective width of sheet 1s not constant malong
the longitudinals, -In f{he experiments carried out the: ~
ratio of effeétive width to total width was found to vary
from 0,33 to 0,72 in the curved specimen, from 0,21 to
0,32 in the flab specimen, Nevertheless, reassonably good
agreement was obtained between stresses measured in ex—
peviment and those calculatéed on the assumpition of a con-
stant average value of the effective width,

In the calcoculations by successive approximationd =
reduction of the value of thas shear modulus to one-guarter
its thecoretical values did not cause any material changes
in the stregses computed,

Polytechnie Institute of Brooklyn
Brooklyn, New York, ?ebruary, 1944,

RETERERCES

1, COross, Hardy, and Morgan, Newlin Dolbeys; Continuous
Frames of Beinforced (Qdnerete, John Wiley and Sons,
(Few York), 1932, ’

2, Southwell, R, V,: Relaxation Methods in Engineering
Science, A Preatise on Approximate Computations,
Clarendon Press {Oxford), 1940,



NACA TN Wo, 934 27
PASLE 1.+ INFLUENCE COEFFICIENTS FOR FLAT MOTEL
WITH REDUCED SHEAR RIGIDITY
{1b/in. x 1079
nm AB AR iAF BE BY E¥ g X
Tam  0e50  US3 0,50 0,50 52,7 2.00 483 0.50 _
nm FT TR JK JN J0 Xy KO O
T, 0450 527 1.00 483 0,50  0.50 52,7 0.500
TABLE 2,~ OPERATION TABLE FOR FLAT NHODEL WITH REDUCED SHEAR RIGIDITY
Forces in 1b, disnlacemente in in, x 10%]
Displ. Y N YB YE YF Y P YK YH Y o

vy = 1{=Ug.3 +50 | 48,3 150

vB = l 050 —5307 .50 52.7

Vg = 1| 48,3 .50 [-98,6 1.00} 48,3 +50

vp =1 <50 52.7 1,00[=107.4 50 52,7

'VJ =1 )48.3 Q5O “98.6 1.00 }4‘803 U50

=1 500 5247 | 1.00]-107.4 «50] 52.7

Ty = 1 hg.3 "’ 50|=l9,3 50

Vo = 1 50| B2.7 «50{=53,T
Volock = M-1,00 | 1.00] =2.00[ 2,00 =2.00| 2.00| =1.00{ 100

HOTE; vy COTTesponds 5o vy = vp = vy = vig = 1 simulbaneously,
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TABLE 3, RELAXATION TABLE FOR FLAT MODEL
WITH REDUCED SHEAR RIGIDITY
Ll % (B | S %l Wi Y
Bxternal loads | -120 60 60
vy = =2.23 110 | 1 | -%08 -1
10 | wl | =108 ~1 60 | 60
vy = 1,82 g8 1 | -179 2 8 1
<10 | -1 | «20 o j-a79] 2 | e} 6
VR = 329 159 2 |-162 2
-0 | -1 20 0} -20 b | -1k | 63
Vg = we20 11 -11
’ ~10 | 10 =20 ~11 | =20 B | oeal | 63
VK = «D9 ' 1 1 «63 31
~10 | 10 ~20 201 -19 | -89 | -1k | 94
vo = 1.50 147 719 1 | ~8L
~10 | 10 20 201 -18 | 20 | 13 | 13
0 0 o) 2 3
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TABLE 4.~ CHECK TABLE FOR FLAT MODEL
WITH REDUCED SHEAR RIGIDITY

ot BBl (Y| % ] D
Externgl loads | «120 60 So
vy = w2423 603 «6 | =591 -5
VD = =20 n ~11
vp = «10.00 ~483 | w5 | 986 |-10 | -4B3 | -5
vy =0
vy = w8418 =395 | ~4 807 | -8 | »395| ok
Vg = o59 3t 1 |63 31
vy = =671 -324 | <3| 3313
Vo = 1450 ; 1179 1 w8l
£ o] e o1l o 21 ol w3 3

TABLE 5.~ DIRECT STRZSS IN STRINGERS FOR FLAT MOIEL

WITH REDUCED SYEAR RIGIDITY

g

Heuber I tot Yn tot ("a tot™Vm tot) Stress
i , {pet)
®, DH ~12.23 ~10.0 2,23 836
BT, i «~10.0 ~3,18 1.82 683
g, HQ -3.18 wbaT71 1.47 551
3%, CG =20 0. »20 75
FK, GL o} <59 +59 221
KO’ I!P .59 165 ;91 3""1
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TABLE 6. INFLUENCE COEFFICIENTS FOR CURVED MODEL

o— - o~

YY YyY YY
RDINT X jO* Fbllﬂ‘ X 10™ FQDIN'I'4 %« 1O™

A-Bl2ezl |Hu|5.25 |ou|z.e2
A-Fl700] lHM|2ez] |P-T|zez
A-Glze2| |HN|773] |P-U 70%

B-clzez| |HO|ze2l- |o-vi7O

BFlzegl |JK|525] |owlzez
B-Hl2ze2| |J-0l775] |Rr-s|5.25
BG|775| |UN|262] |Rv|ze2
coleez| |o-Plzezl |RW|775
c6lze2l |kolze2] |rRx|zez
c-H775|  |kPlool |sTls52%
c-dlze2] |um|s25] |oR|s.25
DElzezl |L-q|7o: swlz.e2
DHlzezl |L-R|262 s-x|775
DJ{775]  |MN|5.23)  |s-vleez
DKlzezl [|MQlzezl [TU|3.25
E-uj2ezl IMR|775]  |T-X|2e2
EK|700 IM-S|zez2| |T-v|775
F-6|5.25] |[NO|525] |T-z|262
FL{7a0  |NRl2ez|  |uv|zed
F-M{262] |N-S|775 u-z|700|
GH|5.25] INTl2e2| |v-wlzez
GL|2e2| - |oP|523] |wx|zez
GM775| |Os|2ez] |x-v|ze2]
GN|2ezl |oTi715| |Y-z|262




TABLE 7. OPERATIONS TABLE FOR CURVED MODEL.

SHEET 1.

[Bee R}

e Y [Ya] Ye | Yo Yo Yef Yo [ i Yo | Y] Y| Youl Yol Yol Yo [ Ya Y| Ya ¥ Yo [ | Yl Yo e [ e
Va=1 21 2002

| visssjero] 23 je2y 23

Va-| 262775 2.

Ve 44511 zﬁ L ojazzl M

-l 262) 2627752624
VO ojo])o ojojo

Yo*{ Lﬁd 262{T75)2
Vo3| 9 373 2 |zn :L
Ve-| ) 262470,
Ve 153 r?:g. |20 1529

Vrel 262 700263

Ve 35| 252] 9. 541119 125212

Ver| jze2l775|249 s.2517605.25) 77.5242
vclup e (.5 1 fashit slel.s
V=l 2627752 %4 262775)2.
Vu-ul 10 |294 iﬁ :ﬁtmlszﬂ 10 |294] O
Vi eedrzsl2ed | m:jm
Vi~ 6 15 easis 3 [{055 3 15 \5
Vier | 2¢2 . feedrod
Wt Jus 2afes e R |

"ON HIL YOYR

vee
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TABLE 7 OPERATIONS TABLE FOR CURVED MODEL. SHEET 2.
QYo [0 Y [ Yo e Y [ i o Y Y Wl Yo o [ e [ o s YV Y el
.3
We-d 00262 5. 700j26
W73 251]9. ﬁﬂg ;§;|_LQ_

V= | 26277.5]|242 S 3. 262]71.a|2.

Vw38 8.02320m.0 ﬂﬁm laolesz ;:I

Var H 2, | aﬁ 5.2:1 725262

W 28 |821 :2:1 - |56 img 56 28 82|28

Vo< 26277, mﬁszs 262 ﬂz@

%- 90 90 7 17 9.0 9.0

Ve | 82

VW Zop7 13 Tojima}

Vo= | 5.

Va<27 I3 1 Z9 14 19

Vo1 262|175 525} 17 2641752

TNV | 12 2 24 [819]| 24 1z 12

Va-l TIS2 5.2817% |5 4]

W Z%NJGI \?ﬂﬂQIm 6\ [wmiger

V= redrs|2 5 257 |5, 26477

Ve 7 12 { 364 12 25 |axd 25 12 2

Vu={ - zuim :usfﬁ 26200
I L | 4 |us 2 | 4 Ju

y£e ‘ON K1 VOVK




TABLE 7. OPERATIONS TABLE FOR CURVED MODEL. SHEET 3.

1M
A 104

hﬂuniunmunnnnnmnﬁnnmmﬁmqmnn
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£

Verul Tod 264 m

vzl in | & 184

Vo | . {2szjr7s) 2chnnalzcz]

% 13 |99 2!21 13 A4S

Wi ] - . z.czrn.aa 26 25
Vied ' 1 s pwedus ns m{us
V=1 - 262]7792.64 26 2

Ve 32 4 14 W [ASR] WA

Ve:l <2170.0 262

Varla) : : 4 |24 4 fo2
Y ; : 5 : 5.

‘?a‘;w; 5.&11; 525 lros] 21 {104 10 ru 10.3] 0sl2L ICL“h sziﬂ;_o_: 2o
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TABLE 7. OPERATIONS TABLE FOR CURVED MODEL. SHEET 3.

Eyuntnnwuwnnnmnnnmnmmnmﬂmmn
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TABLE 8. GROUP RELAXATION FOR CURVED MODEL.
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TABLE 9. RELAXATION TABLE FOR CURVED MODEL. SHEET 1.
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TABLE 9. RELAXATION TABLE FOR CURVED MODEL. SHEET 2.
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TABLE 9. RELAXATION TABLE FOR CURVED MODEL. SHEET 3.
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TABLE 10. CHECK TABLE FOR CURVED MODEL.
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NACA TX No, 934

39
TABLE 11,~ CALCULATION OF TENSION IN STRINGERS
. STRINGER I STRINGER II
Symbol lDisplacement Stress Symbol Displacement Stress
[ (in. x 10-9) (psi) {in., x 10-%) (pst)
VA ~10,11 VB "5.89 )
| 3.55 | 1770 3,98 | 199
- w656 | v -1.91
¥ | 2,86 | 1430 ¢ 3,91 | 1950
vy, ~3,70 " 2,00
1.59 795 VM 2,66 1330
v 2,11 4,66 .
< +59 295 R 1.1l 570
ETRINGER II1 "SORINGER IV
< 2el . -'3.60
6 T 1ha | e o Fu6 | 1730
. 6. 8 v "'11"”
"3 S ERTR o 7 | 3w TR
12. ¥, 3'30
K ! 9.15 | 4580 0 2,74 1370
21.72 Vi 6.0’4-
s ! tho2h | 7120 ? 1.16 580
vy 35.96 vy 7.20
STRINGER ¥
7,22
B g 2,87 140
VK "}'['935 ’
1.80 | 900
-2
F >0 .90 | o
. VU .'1-65
30 150
VZ -'1.35




NACA TN No, 934

TABLE 12,- CALCULATION OF SHEAR STRESS

1

40

STRINGER
Section I I { IT~-1I Stress,
Displacement
(in, x 107% (pst)
& -10,11 -~5,.89 4,23 - R39
B ~6,56 | -1,91 4,65 815
c ~3,70 2, 00 5,70 998 |.
D -2,11 4,66 6,77 1190 -
X —-1,562 5,80 7.32 IBBQ
STRINGER
Section 11 11X CIIT-II Stress
Displacenpent 1
(in, x 10-4) (psl)
A ~5,89 2,17 8,086 1410
3 ~1,91 6.38 8.29 1450
C 2,00 12,57 10,67 1850
D 4,66 | 21,72 17, 06 2980
B 5,80 35,96 30.16 5270
STRINGER
Scction Iz IV IvV-IIX Stress
Digplacement (psi}
(in, % 107%)
A 2,17 | =3,60 . ~5,%7 ~1010 |
B 65,38 -, 14 ~6,52 —-1140
e 12,587 3,30 ~9,27 ~1620
D 21,72 6, 04 -~15,68, -2740
A 35,96 7.20 -28,%786 ~-5030
STRINGER
Séction Iv v | v = 1Iv Stress
Displacemsnt (psi)
(in, x 107%)
A -3,60 | -7 22 ~3,62 —634
B —. 14 -4 ,35 -4,21 ~73E
C 3,30 ~2.,55 " —~5,85 —-1020
D 6,04 {~1,65 ~7,69 ~1340
E 7.20 ~1.35 -8,55 -1500

T
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Figure 2.- Curved model test set-~up.
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NACA TN No. 934 Fig. 3

‘Figure 3.- Upper lever system for curved model.
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IFig.S

FIG. 5. FLAT TEST MODEL.
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Figure 6.~ Flat model test set-up.
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FIG. 10. DIRECT STRESS IN STRINGERS.
3000 LB LOAD CONDITION.
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NACA TN No. 934 Fig. 14
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F1G.17. DIRECT STRESS IN STRINGERS.
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FIG.23. CALCULATED AND MEASURED DIRECT STRESS
IN STRINGERS IN FLAT MODEL. -

fo) MEASURED VALUES.
CALGULATED, FULL SHEAR RIGIDITY.
. w— s —— CALCULATED, ONE-GQUARTER SHEAR RIGIDITY.
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FIG.24. SCHEMATIC DRAWING OF CURVED MODEL
~ UNDER LOAD, RUN J.
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CURVES SHOW VALUES DERIVED FRQM EXPERIMENT.
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FIG. 26. COMPARISON OF SHEAR STRESSES FOR CURVED MODEL.

CURVES SHOW VALUFS DERIVED FROM EXPERIMENT.
CIRCLES INDICATE. CALCULATED VALUES.
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